Transcript elongation by polymerase II paused at the Egr1 promoter is activated by mitogen-activated protein kinase phosphorylation of the ternary complex factor (TCF) ELK1 bound at multiple upstream sites and subsequent phospho-ELK1 interaction with mediator through the MED23 subunit. Consequently, Med23 knockout (KO) nearly eliminates Egr1 (early growth response factor 1) transcription in embryonic stem (ES) cells, leaving a paused polymerase at the promoter. Med23 KO did not, however, eliminate Egr1 transcription in fibroblasts. Chromatin immunoprecipitation analysis and direct visualization of fluorescently labeled TCF derivatives and mediator subunits revealed that three closely related TCFs bound to the same control regions. The relative amounts of these TCFs, which responded differently to the loss of MED23, differed in ES cells and fibroblasts. Transcriptome analysis suggests that most genes expressed in both cell types, such as Egr1, are regulated by alternative transcription factors in the two cell types that respond differently to the same signal transduction pathways.
INTRODUCTION
The eukaryotic mediator of transcription complex (mediator) functions as a molecular bridge that links regulatory signals from DNA-bound transcription factors to RNA polymerase II (Pol II) and its several attendant initiation factors [general transcription factors (GTFs)] through direct protein interactions. The assembly of ~30 individual subunits into an active mediator complex about the size of a ribosomal subunit creates a large surface area that could potentially facilitate numerous simultaneous interactions with different transcriptional regulators that each influence transcription initiation. Understanding these interactions on a molecular level may provide insight into why the mediator evolved diverse transcription factor interaction sites, how mediator integrates regulatory signals from multiple regulatory factors, and, for vertebrates in particular, why so many small gene families evolved encoding transcription factors with similar amino acid sequences.
The interaction of several transcription factor activation domains (ADs) with specific mediator subunits has been reported (table S1). Some ADs have been reported to contact more than one subunit. In Saccharomyces cerevisiae, the transcriptional activator Gcn4 binds to a mediator subcomplex, made up of MED2, MED3, and MED15 (1, 2) . Activation of some, but not all, Gcn4-regulated genes also depends on the MED16 and MED22 subunits (3); moreover, subunits MED20, MED21, and MED17 have been reported to bind a glutathione S-transferaseGcn4 fusion protein in vitro (4) . The mammalian glucocorticoid receptor (GR) likewise has been reported to interact with several mediator subunits. Although MED1 provides the dominant GR-binding surface (5) , MED14 is also involved in expression of some GR-regulated genes (6) , and, when GR is expressed in yeast, its preferred binding partner is MED15 (7) . The viral activator VP16 binds not only MED25 (8, 9) , but also MED17 (10) . Apparently, a single activator can contact multiple mediator-binding sites and thus could potentially activate transcription from the same promoter differently depending on which contacts are made.
The MED23 mediator subunit is vital for transcription of Egr1 (early growth response factor 1) in mouse embryonic stem (ES) cells (11, 12) . The zinc finger EGR1 transcription factor is involved in growth regulation, cell differentiation, apoptosis, and cell transformation (13) (14) (15) . Several regulatory serum response elements (SREs) are clustered near its core promoter region (16, 17) that are bound cooperatively by the MADS box protein serum response factor (SRF) and one member of the ternary complex factor (TCF) family that includes ELK1, SAP1 (SRF accessory protein-1), and NET [new ets (E twenty-six) factor] (18) . Orthologous TCF factors are expressed in humans and mice, and similar factors have been identified in Xenopus and zebrafish (19) (20) (21) . These TCFs constitute a subfamily of the larger ets superfamily of DNA binding transcription factors (22) . Evidence of their conservation highlights the important function these factors have in vertebrate biology (23) (24) (25) .
TCFs activate many early response genes that are rapidly induced by mitogen-activated protein kinase (MAPK)-mediated signaling pathways in the absence of de novo protein synthesis. For example, the c-fos promoter is constitutively bound by SRF and a TCF (26) (27) (28) , and, within the Egr1 promoter, TCFs form biologically active complexes at SREs (29, 30) . Growth-factor signals that trigger the MAPK pathway activate terminal effector kinases, such as the extracellular signal-related kinase (ERK), the c-Jun N-terminal kinase (JNK), and p38 (31) , and stimulate their import into nuclei where they phosphorylate target factors, including TCFs. In serum-depleted cultured mammalian cells, serum addition triggers the MAPK cascade and stimulates Egr1 expression within minutes via phosphorylation of TCFs by ERK (16, (32) (33) (34) . At the Egr1 promoter, phosphorylation of SRE-bound ELK1 stimulates gene transcription (11, 35, 36) . In ES cells, ELK1 phosphorylation induces mediator binding to phospho-ELK1 through an interaction with the MED23 subunit (11, 12) . Thirty to 40 min after exposure to serum, dephosphorylation of promoter-bound ELK1, probably by a protein phosphatase 3 family member (PPP3CA, B, or C, formerly known as PP2Bs and calcineurins) (37) , eliminates this interaction linking mediator to the promoter, and Egr1 transcription diminishes greatly. In mouse ES cells with a knockout (KO) of both Med23 alleles, transcriptional activation by ELK1 is greatly reduced and Egr1 expression is inhibited. These results connect the MED23 mediator subunit with MAPK induction of Egr1 expression in mouse ES cells through ELK1.
Given our experience with Egr1 expression in ES cells, we examined the biological effect of a Med23 KO in a more differentiated cell type. Unexpectedly, we found that expression of Egr1, which was markedly reduced in Med23 KO ES cells, was far less affected in KO mouse embryonic fibroblasts (MEFs) derived from Med23 −/− embryos. We wondered what cellular changes must have accompanied the differentiation process to largely circumvent the loss of MED23 and allow expression of Egr1 in its absence. Because TCFs share nearly identical DNA binding specificities (38) , an exchange of these factors at the Egr1 promoter could explain our observations if there were substantial differences in the way their ADs interact with the mediator, despite the high similarity of their sequences.
We found that the protein landscape of the Egr1 promoter does change with respect to TCF factor occupancy during the development of MEF cells from ES cells and that, despite a high similarity of amino acid sequence, the TCF ADs make different interactions with the mediator complex. Our results establish a functional link between TCF factor exchange at the Egr1 promoter, the effect on mediator recruitment, and subsequent differences in the magnitude and duration of Egr1 transcription in response to MAPK signaling in different cell types. Transcriptome analysis suggests that this is a common occurrence at genes expressed in both ES cells and fibroblasts. Our results also show that transcript elongation by Pol II at the Egr1 promoter is regulated by TCF AD-mediator interactions.
RESULTS

Med23 KO affects transcription differently in mouse ES and MEF cells
Studies in ES cells knocked out for the gene encoding the mediator MED23 subunit revealed that transcription of the Egr1 immediate response gene largely depends on this subunit (12) . As for many genes in mammalian cells (39, 40) , before induction of Egr1 by serum growth factors, histone H3 lysine 4 is trimethylated in the promoter region; Pol II and other GTFs are bound to the Egr1 promoter region, but Pol II does not efficiently transcribe into the gene (11) . MED23 is required for mediator complex recruitment to the Egr1 promoter region in response to MAPK phosphorylation of ELK1 prebound to the Egr1 control region. The binding of phospho-ELK1 to MED23 stimulates further Pol II and GTF assembly into preinitiation complexes on Egr1 promoters and triggers postrecruitment steps in transcription initiation that stimulate Pol II transcription away from the promoter region and into the gene (11) .
To analyze the requirement of MED23 for serum-induced gene control in differentiated cells, we prepared mouse embryo fibroblasts (MEFs) from wild-type (WT) and Med23 KO embryo littermates from a mating of phenotypically normal Med23 +/− adult mice. Although the development of Med23 KO embryos was delayed, and mutant embryos died between embryonic day 9 (E9) and E10.5, all three germ layers developed and early organogenesis was initiated before death, which was likely caused by systemic circulatory failure (table S2 and fig. S1 ). MEF cultures were established from WT and KO sibling embryos harvested on E9.5.
Microarray RNA expression analysis detected reliable RNA signals (>300 intensity units; excluding genes expressed at low level) from ~5200 genes in WT ES cells and ~7500 genes in MEFs, 4148 of which were expressed in common (Fig. 1A) . Of those genes expressed in WT ES cells, ~10% showed reduced expression (528 genes) and another ~ 10% showed increased expression (557 genes) by a factor of 2 or more in Med23 KO ES cells (Fig. 1B and  fig. S2A ). Remarkably, even though ~56% of the genes expressed in WT MEFs were also expressed in WT ES cells, <1% of those genes were changed in common by twofold or more by the loss of MED23 (Fig. 1B and fig. S2 ). For example, Egr1 transcription in KO ES cells was reduced to ~3% of WT levels, but in KO MEFs it was ~21% of WT levels; a sevenfold difference in Egr1 expression between KO cell types ( Fig. 1, C to E) . This differential sensitivity to the loss of MED23 was not unique to the Egr1 gene. Based on the overlap of genes expressed in common and showing reduced expression in the KO cells, 793 other genes are sensitive to the loss of MED23 in one cell type but not the other. Changes in Egr1 messenger RNA (mRNA) abundance in response to serum and Med23 KO were due primarily to differences in the rate of Egr1 transcription rather than alterations in RNA stability, because comparable changes were observed for Egr1 nascent (unspliced) transcript assayed by quantitative reverse transcription polymerase chain reaction (qRT-PCR) with primers specific for the single Egr1 intron ( fig. S3 ). These results raised the question of whether mediator function makes a less prominent contribution to the overall level of Egr1 transcription in differentiated MEFs compared to undifferentiated ES cells.
Mediator recruitment in WT and Med23 KO MEFs and ES cells
The principal defect in Egr1 transcription in Med23 KO ES cells is the failure of mediator to associate with the Egr1 promoter region in response to serum (11) . To address whether transcription in MEFs is activated by mechanisms less dependent on mediator function than in ES cells, we analyzed mediator recruitment to the Egr1 promoter in WT and KO cells by chromatin immunoprecipitation (ChIP). Egr1 promoter ChIP was analyzed by real-time PCR and plotted as the percent of total input chromatin precipitated (Fig. 2) . As internal controls for these ChIPs, the promoter region of the highly transcribed translation elongation factor 2 (EF2) gene, which is expressed in all cells, was assayed in the same immunoprecipitates ( fig.  S4 ). Signal for mediator association with the Egr1 promoter region in uninduced, serumstarved cells was substantially above the background observed at the Egr1 intron for both cell types. In WT ES and MEF cells, mediator association increased after serum addition. However, the degree of mediator occupancy in response to serum was several times higher and was maintained for a longer period in WT MEFs compared to WT ES cells (Fig. 2) . The increased and prolonged association of mediator with the Egr1 promoter in WT MEFs compared to WT ES cells correlated with the increased abundance of Egr1 mRNA observed in MEF compared to that in ES cells (Fig. 1, D and E) .
In contrast to the Med23 KO ES cells, Med23 KO MEFs showed a clear and greater increase in mediator association with the Egr1 promoter in response to serum and followed a time course of mediator binding similar to that in WT MEFs, although recruitment in KO was reduced to about one-third of that in WT MEFs (Fig. 2) . This is similar to the reduction in Egr1 mRNA in KO MEFs compared to that in WT MEFs (Fig. 1E) . These results also confirmed the prior observation that the failure of Egr1 induction in Med23 KO ES cells correlates with a defect in mediator recruitment to the promoter region (11) . For Med23 WT and KO ES and MEF cells, Egr1 transcription was approximately proportional to the extent and duration of mediator recruitment. Thus, it appears that Egr1 transcription is as dependent on mediator in MEFs as in ES cells. However, these results raise the question: Why is mediator recruitment to the Egr1 promoter in response to serum so much more dependent on MED23 in ES cells compared to MEFs?
TCF association with the Egr1 control region in ES and MEF cells
We hypothesized that differences in mediator recruitment between Med23 KO ES cells and MEFs might be due to differences in the transcription factors that are bound to the Egr1 control region in these two cell types. Egr1 induction in fibroblasts by serum growth factors is controlled by TCFs (ELK1, SAP1, and NET) that bind cooperatively with SRF to SREs in the Egr1 transcription control region (Fig. 3A) . The DNA binding domains of these TCFs are 73% identical, and all three have indistinguishable in vitro c-fos SRE binding affinities (38) . The ADs of the TCFs are also highly conserved, although less than their DNA binding domains (Fig. 3B) . The TCFs share clusters of sequence identity, which include two serine residues whose phosphorylation is required for activation (35, 41, 42) . SAP1 and NET share 56% identity; ELK1 is the most divergent. Consequently, we considered the possibility that differences in Egr1 induction between Med23 KO ES cells and Med23 KO MEFs might be due to differences in which TCFs are associated with the Egr1 control region in the two cell types.
Analysis by qRT-PCR of the mRNAs encoding the three TCFs (Fig. 3C) showed that Elk1 was the dominantly expressed TCF in ES cells, regardless of Med23 status. In contrast, MEFs showed an increase in Net transcript compared to ES cells, and in the WT MEFs Net was the dominant TCF message. Less Net mRNA was expressed in the Med23 KO MEFs, suggesting a partial or indirect requirement of MED23 for Net expression. Net was expressed at a level similar to that of Elk1 in KO MEF cells; Elk1 was no longer the dominantly transcribed TCF.
Although TCF message abundance may not reflect that of the encoded proteins, these data do indicate that ES cells and MEFs regulate expression of the three TCFs differently.
To determine if different relative amounts of the three TCFs are associated with the Egr1 control region in MEFs and ES cells as suggested by TCF mRNA expression levels, we used TCF-specific antibodies in ChIP assays. ChIPs for TCF used primer sets designed to detect the −100 and −400 SRE clusters (Fig. 3A) . In this assay, it is not possible to directly compare the extent of promoter occupancy between different TCFs because of probable differences in antibody affinities and the efficiency of formaldehyde cross-linking. This is shown by comparing SRF to TCF ChIP signals (Fig. 4) . Twenty to 30% of input DNA was precipitated by antibody to SRF. But for TCF ChIP, at most 1% of input DNA from the same cross-linked chromatin preparation was precipitated by antibody to TCF, even though the two proteins bind to the SRE sequence cooperatively, and consequently, both were likely bound to the Egr1 SREs in vivo, as they are at the Fos SRE (26) . The higher extent of SRF cross-linking probably occurs in part because SRF has a substantially larger interface with DNA than the TCF in the ternary complex of SRF, SAP1, and an SRE (43) . Despite this limitation for direct comparison of control region binding between different TCFs, we can compare the binding of a given TCF factor between cell types when using the same antibody to ChIP cross-linked chromatin from ES cells and MEFs.
The anti-TCF ChIPs (Fig. 4) showed enrichment of ELK1 at both the −400 and −100 Egr1 SRE clusters in Med23 KO ES cells compared to Med23 KO MEFs. Conversely, there was more binding of SAP1 and NET to these regions in KO MEFs relative to KO ES cells. Similar results were observed for the WT cells ( fig. S5 ). We were not able to measure the concentrations of the TCF proteins in these cells because of their low expression (encoded by less than one transcript per cell; Fig. 3C ). However, the relative abundance of TCF mRNAs in these two cell types ( Fig. 3C ) and the TCF ChIP data (Fig. 4) indicate that in the Med23 KOs, the extent and distribution of TCF binding to the Egr1 SRE regions were approximately proportional to the relative concentration of each TCF within the nucleus. Because the relative amounts of the three TCFs bound to the Egr1 SREs differs between ES and MEF cells, we asked if activation by the three TCF ADs respond similarly to the loss of MED23.
TCFs with similar sequences have different requirements for MED23
To determine the extent to which the ELK1, SAP1, and NET ADs depend on MED23 for activation, each TCF AD was fused to the S. cerevisiae Gal4-DNA binding domain and assayed for activation of a Gal4-luciferase reporter in transient transfections of WT and Med23 KO ES and MEF cells. Gal4-ELK1 activation was severely affected by Med23 KO in ES cells, as was activation by the control Gal4-E1A AD (CR3) fusion, which is completely dependent on MED23 for activation (12) (Fig. 5, A and B) . In marked contrast, activity of the NET AD, although similar in sequence to the ELK1 AD (Fig. 3B ), was only mildly affected by Med23 KO in ES cells (Fig. 5D ). SAP1 showed an intermediate effect from the loss of MED23 ( These results can explain the ability of MEFs to maintain a greater degree of Egr1 expression in the absence of MED23 than ES cells. The percentage of Egr1 SREs bound by NET and SAP1 in MEFs is much higher than in ES cells (Fig. 4) , and transcriptional activation by these TCFs is less sensitive than ELK1-dependent activation to the loss of MED23 (Fig. 5) . Collectively, the data indicate that the difference in Egr1 expression in Med23 KO MEFs compared to KO ES cells is not due to intrinsic differences in the way the general transcription machinery responds to the same AD, but rather to functional differences in the ADs of the TCFs associated with the Egr1 control region, despite their similar sequences. Consistent with this explanation, overexpression of full-length NET and SAP1, but not ELK1, in S6B ). This inhibition did not result from squelching due to increased expression of a TCF AD, but rather from increased expression of ELK1 specifically, because over-expression of NET had a much smaller effect ( fig. S6C ), even though it was expressed at similar concentration ( fig. S7 ). Overexpression of ELK1 probably inhibits transcription from the Egr1 promoter because phospho-ELK1 displaces NET and SAP1 at the Egr1 SREs and requires the missing MED23 to activate transcription.
Analysis of TCF AD interactions with mediator in vivo
To confirm that there are differences in the way the three TCF ADs interact with mediator complexes, and to analyze the AD-mediator interactions in vivo in greater depth by direct physical methods, we used fluorescence recovery after photobleaching (FRAP) analysis in living cells to determine the in vivo stabilities of macromolecular interactions (44, 45) . Chinese hamster ovary (CHO)-derived A03.1 cells contain an integrated array of ~10,000 lac operator (lacO) sites at a single chromosome locus that was generated by coamplification with a dihydrofolate reductase (DHFR) expression cassette (46) . When a cyan fluorescent protein (CFP)-tagged lac repressor (LacI) was fused to a TCFAD, the fusion protein (e.g., CFP-LacI-ELK1) appeared as a single distinct focus in the nuclei of living A03.1 cells visualized by confocal microscopy ( (Fig. 6D ). These ADs probably do not bind the YFP-MED6 subunit directly, because they each fail to bind mediator complexes lacking the MED23 subunit but containing the MED6 subunit (12) and fail to activate transcription in Med23 −/− cells (Fig. 5) . We infer that these ADs show an interaction with YFP-MED6 in vivo because the YFP-MED6 fusion protein was assembled into multiprotein mediator complexes that interacted with these ADs via their MED23 subunits. Similarly, colocalization of YFP-MED6 with CFP-LacI-SAP1 and CFP-LacI-NET also probably is a direct visualization of the interaction between these ADs and assembled mediator complexes that had incorporated the tagged MED6 subunit.
The kinetics of mediator recruitment in living A03.1 cells was evaluated by imaging in real time the serum-induced activation of ELK1 and the subsequent enhancement of YFP signal at the binding array (movie S1). In this cell and most cells viewed, the YFP signal at the lacO array marked by CFP began to increase ~90 s after addition of serum to the medium. YFP intensity at the lacO array increased over the next several minutes, reached maximum intensity at ~15 min after serum addition, remained at this intensity for ~15 min, and then decreased to a low stable intensity between 30 and 40 min after addition of serum. This kinetics of YFP-MED23 interaction with the ELK1 AD in living A03.1 cells is similar to the kinetics of phosphorylation of ELK1 at the Egr1 promoter in ES cells (11) and the kinetics of mediator association with the endogenous Egr1 promoter in ES and MEF cells as assayed by ChIP (Fig.  2 ). These observations indicate that the AD-mediator interaction observed directly at the lacO array in A03.1 cells is analogous to the interaction that occurs between TCFs and mediator on the control regions of the endogenous Egr1 gene.
For FRAP experiments, expression vectors for a CFP-LacI AD fusion protein, DA-MEKK, and YFP-MED6 were cotransfected into A03.1 cells. Living cells displaying colocalized foci of CFP and YFP fluorescence with diffuse YFP signal in the nucleoplasm were selected for FRAP to assure that free, labeled mediator was available to replace bound mediator after photobleaching. After laser bleaching at the lacO array, recovery of YFP fluorescence was monitored. For each recovery curve (Fig. 6C) , the kinetics of recovery were fit by two firstorder equations, an initial fast rate corresponding to free YFP-MED6 in the bleached volume, and a second slow phase corresponding to the kinetics of replacement of bound YFP-labeled molecules [(48); see Supplemental Methods]. The mean half-time (t 1/2 ) of recovery for each TCF AD-mediator interaction was determined from the slow-phase t 1/2 calculated by curve fitting the data from several independent replicate experiments (Fig. 6C ).
For each TCF AD, the bleached array recovered its original fluorescence by 10 min afterbleaching, indicating that most YFP-tagged mediator at the lacO array was mobile. Fast recovery indicates a less stable AD-mediator interaction, such as SAP1, which had the fastest t 1/2 of ~ 50 s. SAP1 also had the highest activity in the Gal4-luciferase reporter activation assay (Fig. 5) . [Differences in luciferase activity induced by the three Gal4-TCF AD fusion proteins were not due to differences in their expression ( fig. S7 ).] Mediator binding to ELK1 was slower to recover than binding to SAP1, with a t1/2 of ~100 s, and thus made a more stable interaction with mediator. The kinetics of recovery of mediator binding to NET were noticeably slower, t 1/2 of ~2 50 s. These differences in stabilities of the in vivo interactions between mediator and the three TCF ADs (Fig. 6C) confirm that the three TCFs interact with mediator differently, despite the high similarity between their sequences (Fig. 3B) .
Mediator subunit fusions influence their colocalization with TCFs
During the course of these FRAP experiments we noted another difference in how TCF ADs interacted with mediator. YFP-fusion to the N terminus of certain mediator subunits inhibited their colocalization with some but not all LacI AD fusion proteins (Fig. 6D) . In cells cotransfected with expression vectors for a YFP-mediator fusion protein and CFP-tagged LacI alone without a fused AD, colocalization of YFP with CFP at the lacO array occurred in ~10 to 20% of cells (Fig. 6D ). This may have been due to association of mediator with the active coamplified DHFR expression cassette used for derivation of the A03.1 cells. However, when CFP-LacI fused to the E1A AD was coexpressed with YFP fusions to the N terminus of MED6, MED7, MED16, or MED24, colocalization of YFP with CFP was observed in ~75% of cells (Fig. 6D) . As discussed above, the E1A AD interacts with mediator exclusively via its MED23 subunit. Consequently, we interpret the increased colocalization of each of the YFP-mediator subunit fusion proteins with the E1A AD (Fig. 6D ) to indicate that each can assemble into intact mediator complexes. The failure of all three CFP-LacI-TCFAD fusion proteins to stimulate colocalization of YFP-MED16 or YFP-MED24 with the lacO array (Fig. 6D ) thus strongly suggests that YFP fusion to these mediator subunits interferes with TCF AD-mediator interactions, even though they do not block the E1A-mediator interaction. MED16 is located in the tail domain of S. cerevisiae mediator (47), Med24 KO eliminates the association of both MED16 and MED23 with mouse mediator (49) , and Med23 KO decreases the association of MED16 and MED24 with mouse mediator (12) , suggesting that the MED16, MED23, and MED24 subunits probably form a subcomplex in the mediator tail. Even though the E1A and phospho-ELK1 ADs interact with the mediator primarily by binding the MED23 subunit, they probably interact with this large subunit (~1400 amino acids) differently because YFP fusions to MED16 and MED24 block binding to phospho-ELK1, but not to E1A (Fig. 6D) .
YFP fusion to MED7 did not inhibit mediator interaction with the E1A, ELK1, or SAP1 ADs, but it partially reduced the mediator interaction with the NET AD (Fig. 6D) . Consequently, these results indicate that the NET AD interacts with mediator differently from the ELK1 and SAP1 ADs, further supporting the conclusion that the three TCF ADs interact with mediator differently, despite their high sequence similarity. As discussed below, we interpret the inhibition of mediator association by fusion of YFP to the N terminus of a mediator subunit to be due to steric inhibition of the AD-mediator interaction.
To test the functional significance of the colocalization of mediator with TCF ADs in A03.1 cells, we analyzed the colocalization of YFP-MED6-tagged mediator with foci of CFP-LacI fused to TCF ADs with mutations known to inhibit their ability to stimulate transcription in response to MAPK activation. Mutation of the two serines in each of these domains that are required for activation by MAPKs had no affect on the percentage of cells showing colocalization of mediator with the AD under conditions of high ( fig. S8) or low (Fig. 6E) MAPK activity. The WT fusion proteins strongly activated expression of a lacO-luciferase reporter in these cells, whereas the serine mutants did not, as expected ( fig. S8B ). Additional mutation of ELK1 threonine residues 363 and 368, which are also phosphorylated by MAPKs (50), (mutant 2S,2T) had no additional affect on the high percentage of cells showing colocalization (Fig. 6E) . However, the intensity of the YFP-MED23 signal at the lacO array increased in response to serum treatment of serum-starved cells when the WT ELK1 AD was bound to the array, but not when the critical phosphorylated serines were mutated (Fig. 6F) . These results are in agreement with the ChIP assay data for mediator binding to the endogenous Egr1 control region in mouse fibroblasts (Fig. 2) . By ChIP assay, mediator binding to the Egr1 promoter region was above background in serum-starved cells, and consequently would be visible as colocalization of CFP and YFP at the lacO array in A03.1 cells. The increase in mediator binding in response to serum observed by ChIP (Fig. 2) is visualized as increased intensity of YFP fluorescence at the lacO array in A03.1 cells (Fig. 6F) .
A hydrophobic region of the TCF ADs just N-terminal to the critical phosphorylated serines (IHFW) also is required for transcriptional activation by the TCFs (38) . In contrast to mutation of the critical serines in the ELK1 AD, mutation of the FWof this hydrophobic region to AA reduced mediator colocalization to the background level observed with LacI alone (Fig. 6E) . As discussed below, these results suggest that hydrophobic interactions between the IHFW ELK1 sequence and MED23 provide much of the driving force for mediator binding, whereas interactions between MED23 and ELK1 phospho-Ser 383 and phospho-Ser 389 activate transcription by a mechanism that involves more than a simple stimulation of mediator binding to the promoter.
Pol II association with the Egr1 transcription unit
To analyze Pol II occupancy in the promoter and coding regions of the Egr1 gene, we performed ChIP for Pol II in Med23 WT and KO ES and MEF cells at different times after serum addition to serum-starved cells (Fig. 7) . The amount of Pol II binding to the Egr1 coding region in WT and KO ES and MEF cells (Fig. 7B ) integrated over time was proportional [after subtraction of the background signal observed with nonimmune serum (immunoglobulin G, IgG)] to the abundance of Egr1 RNA at 40 min after serum addition in these WT and mutant cell types (Fig. 1) . This indicates that Pol II binding in the coding region as analyzed by ChIP was a good measure of the relative rates of Egr1 transcription in these different cell types plus and minus serum.
Pol II binding at the Egr1 promoter in WT ES and MEF cells approximately paralleled the kinetics of mediator binding to the Egr1 promoter region after serum addition (compare Figs.  2 and 7A ). Pol II binding to the promoter, in both unstimulated, serum-starved cells and during the 40-min period of increased Pol II binding induced by serum, was reduced in the Med23 KO compared to WT ES and MEF cells (Fig. 7A) . The decrease caused by the absence of MED23 was greater in ES cells; in MEF cells, the decrease was greater at 20 and 40 min after serum addition than at 5 min. As previously observed (11) , in ES cells the reduction in Pol II binding to the promoter caused by the absence of MED23 was considerably less than the reduction in Egr1 mRNA elicited by the Med23 KO (compare Figs. 1D and 7A , open bars, WT versus KO). Rather, the decrease in Med23 transcription correlated better with the low abundance of Pol II in the Egr1 coding region (Fig. 7B ).
For both WT ES and MEF cells, the amount of Pol II at the Egr1 promoter was 10 to 15 times higher than the amount in the downstream transcribed region (note y-axis scales in Fig. 7, A  and B) . Similar results have been observed recently for many mammalian genes (39, 40) . These observations suggest that there is a delay after Pol II binding before the "paused polymerase" progresses into the coding region. In ES cells, Med23 KO decreases the fraction of promoterbound polymerases that transcribe into the coding region (11), resulting in an accumulation of Pol II at the promoter over time (Fig. 7A , KO, white bars) and a substantial failure of Pol II transcription into the downstream region (Fig. 7B, KO, white bars) . As expected from the decreased effect of the Med23 KO on Egr1 expression in MEFs compared to ES cells, the reduction in Pol II binding to the Egr1 promoter and the 3′ exon in Med23 KO MEFs was much less severe than in Med23 KO ES cells (Fig. 7, A and B) .
DISCUSSION TCF factor exchange dictates dependence of Egr1 transcription on MED23
In Med23 KO ES cells, Egr1 mRNA falls to 3% of the amount in WT ES cells (12) (Fig. 1, C  and D) . Consequently, it was unexpected to find that Egr1 transcription was only modestly affected in Med23 KO MEFs (Fig. 1, C to E) . Furthermore, we observed that of the ~4100 genes expressed in both cell types, only a small fraction (<1%) showed reduced expression by a factor of twofold or greater in both KO cell types (Fig. 1, A and B, and fig. S1 ). These observations raised the possibility that mediator might function differently in ES cells versus the more differentiated MEF cells to control Egr1 and other MED23-dependent genes. However, our data argue that this difference between ES and MEF cells is not due to fundamental differences in transcription control mechanisms between these cell types. Rather, the dependence of Egr1 expression on MED23 results from cell-specific expression of alternative, closely related TCF factors that each bind equally well to Egr1 control elements, but that interact with the mediator complex differently, resulting in unequal gene expression outcomes from the loss of MED23 in the two cell types.
TCF AD interactions with the mediator are varied
Mammals encode three TCFs closely related in sequence that bind SREs cooperatively with the SRF transcription factor. Egr1 transcription is controlled principally through several SREs (Fig. 3A) , making it a good model for studying gene regulation via MAPK-responsive control elements. All three TCFs were expressed in ES and MEF cells, but their relative expression levels, and consequently, their occupancy at the Egr1 control region, differed between these cell types (Figs. 3C and 4) . Despite the high degree of sequence identity in their ADs (Fig. 3B) , their dependence on MED23 for activating transcription varied markedly. Transcriptional activation by the ELK1 AD was almost completely dependent on MED23 in both ES and MEF cells; activation by the NET AD was nearly independent of MED23, and activation by the SAP1 AD showed an intermediate dependence on MED23 (Fig. 5) . These results strongly suggest that the difference between how ES and MEF cells respond to the loss of MED23 results from changes in the occupancy of Egr1 SREs by the three alternative TCFs and not to differences in how the general components of the Pol II transcriptional regulatory apparatus respond. This conclusion was supported by experiments in which overexpression of SAP1 or NET, but not ELK1, restored Egr1 serum induction in Med23 KO ES cells, whereas ELK1 overexpression inhibited Egr1 transcription in Med23 KO MEFs, causing them to behave more like KO ES cells ( fig. S6 ).
Fluorescence microscopy studies in living cells using mediator subunits and TCF ADs tagged with GFP derivatives indicated that, despite their high sequence similarity, the TCF ADs each contact the mediator differently (Fig. 6 ). MED6 and MED7 are highly conserved mediator subunits proposed to be in the head and middle domains of the mediator complex, respectively (47) . YFP-fusions to MED6 colocalized equally with all three TCF ADs (and the adenovirus large E1A-CR3 AD, Fig. 6D ). In contrast, when MED7 was fused to YFP, this tagged mediator showed reduced association with the NET AD but not with the ADs of the other TCFs or E1A-CR3. YFP fusions to MED16 or MED24 inhibited tagged mediator from colocalizing with all three of the TCF ADs. These YFP fusion proteins were probably incorporated into functional mediator complexes because they did colocalize with the MED23-binding E1A-CR3 AD. MED23 and MED24 probably associate with MED16 in the mediator tail domain because KO of MED24 causes a concomitant loss of MED16 and MED23 from mouse mediator complexes (49) , and KO of MED23 causes reduced association of MED16 and MED24 (12) . We hypothesize that fusion of the large YFP-tag to MED16 or MED24 in the mediator tail creates steric hindrances that block binding of all three TCFADs to the mediator complex. In addition, we hypothesize that YFP-fusion to MED7 in the mediator middle domain sterically restricts mediator binding by the NET AD, which functions almost independently of the MED23 tail subunit, but not the ELK1, SAP1, or E1A ADs, which are partially or completely dependent for function on MED23. The YFP tags might occlude a binding site on the mediator surface or cause local deformation of the mediator structure that indirectly interferes with TCF AD binding. The distinct FRAP kinetics of association of YFP-MED6-tagged mediator with each of the three TCF ADs (Fig. 6C ) also indicate that each of the TCF ADs interacts with the mediator differently, despite their high sequence similarity.
Many ADs may interact with more than one mediator subunit
Transcriptional activation by E1A-CR3 was fully dependent on the MED23 subunit in both ES and MEF cells (Fig. 5, A and E) . Activation by phospho-ELK1 was largely dependent on MED23 in both ES and MEF cells (Fig. 5, B and F) , but there was still detectable activation in the KO cells. SAP1 activation was reduced ~2-fold in Med23 KO cells, but the residual ~66-fold activation above baseline was considerable (Fig. 5, C and G) . Because they stimulate mediator binding to the Egr1 promoter in Med23 KO MEF cells (Fig. 2B ), SAP1 and NET likely retain the ability to interact with mediator in the absence of MED23. These observations indicate that ELK1 activates transcription primarily through an interaction with MED23, whereas SAP1 activates transcription partly through an interaction with MED23, and transcriptional activation by NET1 probably involves its interaction with a mediator subunit other than MED23.
Our results with SAP1 suggest that this AD makes functionally important contacts with MED23 and at least one additional mediator subunit. This may be typical of most ADs. E1A-CR3 and ELK1 may be unusual among ADs in that they make functional interactions exclusively or primarily with only one mediator subunit. There are several reports in the literature of the same AD interacting with alternative mediator subunits. For example, the VP16 AD is reported to contact two independent human mediator subunits, MED17 (10) and MED25 (8, 9) , and in S. cerevisiae, the VP16 AD has been reported to interact with Med15 (Gal11) (1) . A single VP16 AD of ~90 amino acid residues is unlikely to simultaneously contact two mediator subunits in different domains of the large mediator complex (e.g., MED15 and 17 in the tail and head domains, respectively). Consequently, at least two separate VP16 ADs can probably interact simultaneously with distinct mediator subunits (table S1). Perhaps strong ADs evolved to interact with several sites on the mediator complex to augment mediator recruitment and stimulation of transcription downstream from the promoter region, as at the Egr1 promoter (11) . Most gene transcription in multicellular organisms is controlled by several regulatory factors; thus, the interplay between these factors ultimately guides mediator recruitment and gene activity. In some cases, the ADs of factors regulating the same gene may interact with different, non-overlapping surfaces on the mediator simultaneously. In other cases, ADs may compete for binding to overlapping surfaces on the mediator, or two or more ADs may bind to mediator surfaces cooperatively. Thus, alternative combinations of AD-mediator interactions may contribute to the combinatorial complexity of gene control in multicellular organisms.
Vertebrates contain many gene families of closely related transcription factors
As Gal4 DNA binding domain fusions, the three TCF ADs varied over a factor of about 5 to 10 in the extent to which they activated transcription from a Gal4 luciferase reporter (Fig. 5) . We asked how these differences in activation strength and MED23 dependency related to gene regulation. Each TCFAD interacted with the mediator in different ways, as indicated by their varying dependence on MED23 for activity (Fig. 5) , differences in the stabilities of their interaction with mediator in vivo (Fig. 6C) , and differences in the way YFP fusion to the N terminus of MED7 influence their interactions with mediator (Fig. 6D) . Pol II and mediator occupancy at the Egr1 promoter region were greater in MEFs compared to that in ES cells before stimulation with serum. In response to serum stimulation, mediator bound to the promoter region to a greater extent and was maintained for a longer period in MEFs compared to ES cells (Fig. 2) . Because the different TCF ADs make distinct interactions with the mediator, we postulate that the exchange of TCFs at the Egr1 control regions in different cell types (Fig. 4) changes the extent and duration of transcriptional responses to MAPK signaling. The Med23 KO amplified the intrinsic differences in the way these closely related TCFs interact with the mediator complex, as exemplified by differences in Egr1 transcription in KO ES versus KO MEF cells.
Why did three closely related TCFs evolve in mammals? Evolutionary pressure to evolve differences in their DNA binding properties or cooperative binding with SRF seems unlikely because any such differences appear to be minimal (38) . The three TCFs may have evolved partly because variations in their ADs that affect their interaction with mediator and possibly other transcriptional coactivators provide a mechanism to fine-tune transcriptional output in response to MAPK signaling. By altering the relative proportions of the three TCFs, the extent and duration of transcriptional activation in response to MAPK signaling through SREs can be fine-tuned for hundreds of genes as appropriate for different cell types. For example, in proliferating myoblast progenitor cells, ELK1 and SRF occupy control regions for smooth muscle-specific genes SM22α (51) and telokin (52) , repressing their expression. Removal of growth factors from the medium triggers myoblast differentiation into myotubes, which is accompanied by the exchange of myocardin for ELK1 at these promoters, and induction of SM22α and telokin transcription. Displacement occurs because ELK1 and myocardin compete for overlapping docking sites on SRF. Similarly, in fibroblasts and other cell types, the myocardin-related factors MRTF and MAL (megakaryocytic acute leukemia) compete with TCFs for binding to SRF at promoters for genes involved in the actin cytoskeleton, regulating them in response to changes in cytoplasmic G-actin concentration (53, 54) . In these examples, unrelated proteins exchange at SRF-bound sites, MLTFs for TCFs. In the work described here, closely related TCFs exchange at SRF-binding sites within the Egr1 control region. Rather than on or off regulation, this exchange modifies the duration and strength of Egr1 expression in response to MAPK signaling. Presumably, the dominance of ELK1 in ES cells allows for optimized MAPK responses in ES cells, whereas NET and SAP1 dominance in MEFs presumably optimizes gene expression for fibroblasts. Thus, different cell types could modify their transcriptional responses to MAPK signaling over a broad range of strength and duration by controlling the relative nuclear concentrations of the three TCFs.
Our genome-wide RNA expression analysis showed that of the 4148 genes expressed in both ES and MEF cells, <1% were affected similarly by a Med23 KO (Fig. 1B and fig. S2A ). Indirect effects of the Med23 KO undoubtedly contribute to the differences in how genes respond to the mediator mutation. For example, all genes regulated by the EGR1 transcription factor would be affected differently by the Med23 KO in MEF cells compared to ES cells because of the modest versus severe drop in EGR1 concentration in the two cell types. Nonetheless, these results suggest that differences in the way most genes expressed in both ES and MEF cells respond to a Med23 KO occur for the same reason that differences in Egr1 expression occur: Alternative transcription factors regulate the same gene in different cell types, even in the case of so-called housekeeping genes expressed in multiple cell types. Transcription factor exchange at regulatory elements probably occurs at most genes during mammalian cell differentiation, even for ubiquitously expressed genes.
Phospho-ELK1 interaction with mediator regulates transcription elongation downstream from the promoter region
Our analysis of the influence of TCF AD mutations on mediator binding in vivo further supports our conclusion that the phospho-TCF AD-mediator interaction stimulates transcription at a step subsequent to GTF and Pol II binding (11) . Mutation of the hydrophobic IHFW sequence immediately N-terminal to the critical phosphorylated serines in ELK1 eliminates activation function (38) and, accordingly, abolished the mediator interaction visualized in A03.1 cells (Fig. 6E) . However, TCF AD mutants with alanine substitutions for the critical serines, whose phosphorylation is required for MAPK-activated transcription, stimulated mediator binding to the lacO array to the same extent as that of the WT TCF ADs. Mediator binding by the serine mutants and by the WT ADs in the absence of serum when the critical serines are unphosphorylated was considerably greater than the background observed with the lac repressor alone (Fig. 6E and fig. S8A ). As expected, the CFP-LacI-TCF AD fusion proteins with WT ADs induced a marked increase in expression from a lacO-luciferase reporter in A03.1 cells, whereas alanine subsitution mutants in the critical serines did not ( fig. S8B ). However, MAPK kinase activation caused only an approximately twofold increase in mediator concentration at the lacO array in most cells (Fig. 6F ). An increase in mediator binding is expected because the additional interactions that likely occur between the phosphates added to the TCF ADs and mediator should contribute additional binding energy. But the stimulation of transcription from reporters in transient transfection assays and from the endogenous Egr1 locus resulting from MAPK phosphorylation of these serines was far greater than can be accounted for by the modest increase in mediator recruitment by a factor of 2 in most cells.
Together with our ChIP studies in WT and Med23 KO ES cells (11) and MEFs (Figs. 2 and 7), these results on mediator recruitment to the lacO array in A03.1 cells indicate that in addition to stimulating mediator binding, the phospho-TCF AD-mediator interaction also activates a post-recruitment step in transcription initiation that leads to an increase in the fraction of promoter-bound Pol II molecules that escape from the promoter region and transcribe many kilobases into the transcription unit. Because mutation of the IHFW sequence in ELK1 eliminated mediator binding (Fig. 6E) , a hydrophobic interaction between this sequence and a surface of MED23 likely contributes much of the energy for mediator binding. Previous studies have shown that interactions between MED23 and the MAPK-phosphorylated serines increase the affinity of ELK1 for mediator (12) . These interactions of MED23 with the added phosphates may also induce a conformational change in the mediator complex that stimulates Pol II binding and transcription downstream from the promoter region (Fig. 7C) . The recent discovery that "paused polymerases" are found at the promoter region of a large fraction of mammalian genes (39, 40) has led to the suggestion that transcription may frequently be regulated by control of promoter-proximal transcript elongation through interactions between transcription factor ADs and elongation factors (39, 40) . The studies presented here regarding the TCFs show that control of promoter proximal transcription elongation can also be regulated through an AD-mediator interaction. 
EXPERIMENTAL PROCEDURES
RNA and PCR
Total RNAs from serum-deprived and +40-min cells were analyzed with Affymetrix microarrays and Focus software (55) . Specific mRNAs were quantified by qRT-PCR (Supplemental Methods). For Egr1, RNA was isolated from serum-starved and +40-min cells, for TCFs, from cells maintained in media with serum.
Chromatin immunoprecipitation
ChIP was done as previously described (11) 
Microscopy
For in vivo imaging, A03.1 cells were transfected with 2 μg of CFP-LacI-TCF (ELK1, SAP1, or NET), 2 μg of YFP-mediator subunit, and, for constant MAPK stimulation, 0.05 μg of DA-MEKK 24 hours before imaging with a Leica TCS SP2 AOBS single-photon confocal microscope with a 63× 1.4 numerical aperture oil-immersion objective with stage and objective in an enclosed chamber with 5% CO 2 at 37¡C. Data acquisition and statistical analysis are described in the Supplemental Methods. To score for colocalization of YFP-MED6, -7, -16, and -24 with CFP-LacI-TCFs, 24 hours after transfection cells were fixed in 1.6% formaldehyde, washed in 1× PBS, mounted onto slides, and imaged.
Luciferase assay
Gal4-DBD-TCF AD function was assayed in transient transfections with DA-MEKK using a Gal4 luciferase reporter and the dual-luciferase assay (Promega). For overexpression studies, full-length TCF constructs with an Egr1-promoter fragment driving luciferase were used for KO cell line transfection. TCF AD fusion to Gal4-DBD for luciferase assay in WT and KO cells. Gal4-DNA binding domain fusions to various ADs were tested for ability to activate transcription in ES and MEF WT (black) and KO (white) cells after transfection under serum-starved (0.5% FBS) conditions in the presence or absence of a cotransfected expression vector for dominant active MEKK. Error bars equal standard deviations from two independent experiments done in triplicate. enhance binding directly and also induce a conformational change in MED23 (light green) that stabilizes this interaction. This conformational change also results in increased binding of Pol II to the Egr1 promoter and an increase in the percentage of Pol II molecules that transcribe away from the promoter region.
